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ABSTRACT 

Mass spectrometry provides rapid, sensitive, and selective analysis. However, 
the analysis times are extended for complex samples if sample preparation 
and separation are required beforehand. Various desorption ionization mass 
spectrometry (DI-MS) methods have recently been presented to provide 
rapid  sampling  even  of  complex  samples,  with  minimal  or  no  sample  
preparation. At best, the analysis is performed in a few seconds. The aim of 
this work was to develop and evaluate DI-MS methods for efficient bio- and 
pharmaceutical analysis exploiting desorption/ionization on silicon (DIOS), 
desorption electrospray ionization (DESI), and desorption atmospheric 
pressure photoionization (DAPPI).  

For DIOS-MS analysis, a method based on micro-scale atmospheric 
pressure electric discharge was developed for the fabrication of novel 
sampling surfaces. The discharge, formed between a sharp discharge tip and 
a DIOS silicon sample surface, was either held stationary or moved above the 
surface by means of a computer-controlled xyz stage. The electric discharge 
method was used in two applications: 1) tuning of the wettability 
(hydrophilic/hydrophobic properties) of black silicon DIOS sample surfaces 
to improve DIOS-MS sensitivity and repeatability and 2) simplified 
fabrication of nanocluster silicon (NCSi) surfaces to be used as new DIOS 
sample surfaces, through surface roughnening of planar silicon. The electric 
discharge method is simple, rapid, and cost-effective, requiring only a high-
voltage supply and a discharge needle. It can be applied on planar, curved, or 
textured surfaces of both conducting and semiconducting materials. The 
discharge-treated area (the area of the surface that is modified) can be 
flexibly defined without the need of masks, simply by controlling the 
discharge parameters. Potential applications for the created structures are 
numerous, including microreactors, diagnostic devices, sensors, 
optoelectronics, and micro- and nanofluidics. 

The capabilities  of  DESI and DAPPI in the analysis  of  various lipids and 
drugs  of  abuse  were  investigated  with  standard,  spiked,  and  authentic  
biological  and  pharmaceutical  samples.  With  both  DESI  and  DAPPI,  the  
lipids (fatty acids, fat-soluble vitamins, triacylglycerols, steroids, phospho- 
and sphingolipids) typically formed multiple, often unpredictable, ions 
differing according to the spray solvent. The ionization of the drugs of abuse 
(benzodiazepines and opioids) was more straightforward. DESI and DAPPI 
provided similar sensitivity for polar compounds in simple sample matrices, 
such as solvent. However, DAPPI was more sensitive for the vitamins and 
cholesterol and other small nonpolar compounds, while DESI was better 
suited for the analysis of large and labile compounds, such as the phospho- 
and sphingolipids. Less polar compounds were poorly analyzed by DESI. 
Moreover, the sensitivity of DAPPI was better than that of DESI for polar 
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compounds in a complex sample matrix, such as urine. The better matrix 
tolerance of DAPPI than of DESI is attributable to the different mechanisms 
of desorption and ionization. Even DAPPI-MS/MS,  however,  was  not  a  
sensitive and repeatable enough method for rapid screening of the drugs in 
urine without sample pretreatment. A further problem with such complex 
sample matrices and large sample batches was contamination of the ion 
source. Targeted identification of lipids in pharmaceutical and food products, 
however, was successfully demonstrated with both DESI and DAPPI without 
sample pretreatment.  

In  conclusion,  although  many  DI-MS methods without sample 
preparation are powerful and fast tools for direct analysis, their suitability for 
a particular analysis always needs careful consideration. The true potential of 
DESI and DAPPI probably lies in imaging and in in situ analysis where 
sample pretreatment is not possible—for example, because it disturbs the 
chemical  integrity  of  the  sample.  Also,  the  unique  features  of  the  methods,  
such as chemical reactions induced by the spray solvent (oxidation and 
reactive DESI approaches, for example), offer interesting possibilities. DIOS, 
on the other hand, provides intriguing prospects for on-plate sample 
manipulation utilizing surface modifications; the high surface area provided 
by nanostructures offers large sample loading capacity, and the surface is 
easily modified to contain specific chemical functionalities. 
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1 INTRODUCTION 

The popularity of mass spectrometry (MS) in bio- and pharmaceutical 
analysis is largely due to its high sensitivity, selectivity, and speed: MS 
allows  rapid  and  reliable  detection  of  trace  amounts  of  compounds  in  
mixtures. Mass spectrometers analyze compounds on the basis of mass-to-
charge ratio (m/z) under high vacuum conditions. Thus, the analyte needs 
to be ionized and transferred to gas phase before the MS analysis. This can 
be  done  in  vacuum or  at  atmospheric  pressure  (AP).  Vacuum  ionization  
methods, such as electron ionization (EI), are often used with gas 
chromatography (GC), while the increased use of liquid chromatography 
(LC) has promoted the use of AP ionization methods, such as electrospray 
ionization (ESI), atmospheric pressure chemical ionization (APCI), and 
atmospheric pressure photoionization (APPI). In these conventional 
methods, the sample is dissolved in a suitable solvent before infusion into 
the mass spectrometer. At the ion source, the liquid sample is nebulized, 
ionized, and transferred to the gas phase and into the vacuum of the mass 
spectrometer for analysis. The ionization, especially in ESI, is sensitive to 
matrix effects,[1] that  is,  to  the  interfering  effect  of  all  components  of  the  
sample other than the analyte, on the measurement. For example, salts 
present in biological samples suppress the ionization of an analyte, 
reducing the sensitivity of the analysis. Matrix compounds may prevent 
the analyte from transferring to the gas phase or gaining a charge. In 
addition, background noise tends to increase with complex sample 
matrices and the robustness of the method decreases. Therefore, complex 
samples are typically purified and separated by chromatographic methods 
before the MS analysis. Sample pretreatment is usually the most time-
consuming step of an analysis. 

In desorption ionization mass spectrometry (DI-MS), the sample is not 
infused in the mass spectrometer but instead placed on a suitable surface 
from which it is desorbed and either simultaneously or subsequently 
ionized. Analysis is fast, automation is easy, and throughput capability is 
high. Typically, a droplet of a solution containing the analyte is applied on 
a sampling surface and left to dry before desorption (“dried droplet 
deposition”). The sample can also be a solid piece of a material, such as a 
tissue slice, which then opens up the important possibility of imaging the 
spatial distribution of the sample molecules on a surface. Desorption and 
ionization are carried out by various means, for example, by impacting the 
sample  with  ions  (secondary  ion  mass  spectrometry,  SIMS),  atoms  (fast  
atom bombardment, FAB), or photons (laser desorption ionization, LDI).  

A significant development in DI-MS was the introduction of matrix-
assisted laser desorption ionization (MALDI) in 1988.[2,3] MALDI exploits 
a  pulsed  laser  for  the  desorption/ionization,  either  in  vacuum  or  at  AP.  
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The laser energy is transferred to the analyte via a low-molecular weight, 
energy-absorbing  organic  compound  called  a  matrix,  which  is  co-
crystallized with the sample on a surface in large excess. This enables soft 
ionization with enhanced sensitivity even for large and fragile compounds, 
such as large biomolecules. The organic matrix also causes a heavy 
background at low m/z values (<700), however, and MALDI is not 
therefore ideal for small analytes, such as drugs and small biomolecules. A 
technology called surface-assisted laser desorption/ionization (SALDI)[4] 
has been introduced to overcome this limitation. In SALDI, the organic 
matrix is replaced with a micro/nanostructured surface that transfers the 
laser energy to the analyte without producing background. The first really 
promising SALDI method was desorption/ionization on silicon (DIOS) 
introduced in 1999,[5] which  exploits  a  monolithic,  nanoporous  silicon  
(pSi) surface. Although the term DIOS originally refers to nanoporous 
silicon, it is here used for all nanostructured silicon surfaces utilized for 
laser induced DI-MS.  

The next revolution in DI-MS  occurred  in  the  early  2000s  with  the  
introduction of a technology called ambient MS.[6] In ambient MS, 
desorption and ionization occur outside the mass spectrometer, in an open 
environment. No matrix of any kind is required, nor any sample 
preparation, yet soft ionization is provided. The absence of sample 
preparation speeds up the analysis and enables the analysis of samples in 
their native state. Desorption electrospray ionization (DESI)[7] was the 
first  of  these  ambient  methods,  introduced  in  2004,  and  it  was  soon  
followed  by  many  others,  such  as  direct  analysis  in  real  time  (DART),[8] 
desorption atmospheric pressure chemical ionization (DAPCI),[9] easy 
ambient sonic-spray ionization (EASI),[10] laser ablation electrospray 
ionization (LAESI),[11] and desorption atmospheric pressure 
photoionization (DAPPI).[12] While the ionization in ambient MS methods 
is based on conventional methods (ESI, APCI, APPI, LDI, etc.),[13] the 
sampling (by plasma, laser, gas, liquid, etc.) opens up new dimensions, not 
only in the flexibility of sample introduction but possibly also in offering 
unique features, such as tolerance toward complex sample matrices.[14,15] 
Analytes have been successfully determined in body fluids,[8,16] food,[17,18] 
pharmaceuticals,[19] soil,[17] and  other  complex  samples  with  no  need  for  
sample preparation or separation (“direct analysis”).  

In the research summarized in this thesis, one SALDI-MS method, 
DIOS, and two ambient MS methods, DESI and DAPPI, were investigated 
in the analysis  of  drugs and biomolecules.  An introduction to these three 
methods is presented below.  



 

14 

1.1 Desorption/ionization on silicon (DIOS) 

In  DIOS,  a  micro/nanostructured  silicon  surface  is  exploited  to  
accommodate a sample and absorb energy from an impacting laser pulse, 
providing thereby for desorption and ionization of analytes (Figure 1). The 
monolithic silicon nanostructure permits both low background and soft 
ionization. Sample preparation is simple since selection and application of 
an organic matrix is not needed and the sample volumes remain small. 
DIOS  can  be  performed  in  vacuum  or  at  AP.  AP-DIOS  is  softer  than  
vacuum-DIOS because of thermalization of ions by collisions with ambient 
gases and consequent decrease in the internal energy,[4] in a similar 
manner to MALDI.[20] Sample handling is also easier and faster with AP-
DIOS, and longer signal duration has been reported as compared with 
vacuum-DIOS.[21] 

 

Figure 1 Scheme of the AP-DIOS setup and scanning electron microscopy (SEM) images 
of two common DIOS surfaces: nanoporous silicon[22] (top) and black silicon[23] 
(bottom). HV = high voltage.  

Besides silicon, various other micro/nanostructured materials, including 
carbon nanotubes,[24] gold nanoparticles,[25] and germanium 
nanostructures,[26,27] have been used as SALDI substrates. Nanostructured 
silicon, nevertheless, seems to have optimal thermal, electrical, and optical 
properties for efficient desorption/ionization. Despite numerous studies, 
the exact mechanisms of desorption/ionization in DIOS remain unclear, 
though  it  is  likely  that  the  type  of  surface  (physical  and  chemical  
properties), the nature of the laser irradiation (IR or UV), and the analysis 
conditions (AP or vacuum) affect these processes. The results of the 
mechanistic studies are partly contradictory, at least to some extent, owing 
to the differing experimental conditions. Nonetheless, in DIOS utilizing a 
UV laser, large optical absorption of the surface is considered essential for 
efficient desorption/ionization.[4] The low thermal conductivity of 
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nanostructured silicon confines heat and facilitates thermal desorption, 
which is believed to play a major role in DIOS. Also, the large surface area, 
electric conductivity, and laser-induced restructuring of the 
nanostructured surface are considered to contribute to DIOS activity.[28-34]  

Originally, DIOS was carried out on nanoporous silicon surfaces 
(Figure 1A), but since then other micro- and nanostructures, such as 
silicon nanowires,[35] microcolumns,[30,36] nanopillars,[23] nanocavities,[32] 
black silicon (Figure 1B),[23] and nanostructured silicon films,[37] have been 
exploited. Porosity, however, is believed to be important in retaining and 
resupplying analytes to the surface after the laser pulses and in providing 
a long-lasting signal.[33]  

Proton transfer is the favored ionization process in DIOS. In positive 
ion DIOS, the protons are thought to originate from the surface or from 
residual solvent molecules and adsorbed water.[33,38] Also [M-H]+ ions,[33] 
adduct ions,[39] radical cations,[28] and fragments[40] have been reported. 
Ionization before the vaporization in condensed phase and ionization after 
the vaporization in gas phase both have been considered and suggested to 
depend on the analyte.[33] 

The vast consumption of silicon in microelectronics has ensured that 
high-purity material is easily available and that the properties of silicon 
are well known. Silicon is easy to modify both physically and chemically by 
well-established procedures. Porous silicon has also been extensively 
studied because of its many uses in optical and electrical devices.[41] 
Nanoporous silicon is typically fabricated by an elaborate electrochemical 
etching procedure in HF solution.[42] The safety concerns associated with 
strongly  corrosive  HF mean that  working  procedures  and  waste  disposal  
must be uncompromised. The fabrication of other types of silicon 
nanostructure, such as those mentioned above, typically requires special 
and  expensive  equipment,  vacuum environment,  or  multiple  steps  in  the  
preparation.  

The silicon surface etched in HF is hydride-terminated and 
hydrophobic but easily oxidized to give a hydrophilic silicon oxide surface. 
The oxide layer also forms spontaneously through reaction with 
atmospheric oxygen during storage in air, and it can be removed by simple 
rinsing with HF solution.[43] Some studies have reported deterioration of 
the DIOS performance of a surface with increasing degree of oxidation,[43] 
yet for some hydrophilic compounds, an oxidized surface gives better 
sensitivity.[42,44,45] Chemically derivatized silicon surfaces (typically with 
hydrophobic hydrocarbons or fluorocarbons) are often used in DIOS,[42] 
performing  similarly  to  freshly  etched  surfaces  but  with  enhanced  
resistance to oxidation and reduced laser threshold fluence.[43] 
Derivatization  agents  can  also  be  used  to  tailor  the  surface  with  desired  
functionalities, for example, for selective capture of an analyte.[46-48] For 
this, high surface-to-volume ratio of pSi is ideal. A convenient approach to 
silicon surface derivatization is the use of self-assembled monolayers 
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(SAMs),[49] which are ordered monomolecular layers of organosilanes 
(alkoxy- or chlorosilanes) that spontaneously form on oxidized silicon 
surface.  

Among others, DIOS-MS has been utilized in pharmaceutical,[50,51] 
biomedical,[52,53] environmental,[54] and forensic[55] studies. Although 
direct analyses of complex samples have been performed with DIOS,[56,57] 
the requirement that the surface absorbs laser radiation means that the 
sample layer on the surface should be very thin, and this poses challenges 
for the sample application. With careful sample application, however, even 
tissue imaging has been performed on porous silicon[57] and nanowire 
silicon.[58] DIOS is  intented  for  the  analysis  of  small  molecules  and  gives  
best performance for compounds <3000 Da.[42,43,47,53] 

1.2 Desorption electrospray ionization (DESI) 

Since its introduction in 2004, DESI has been extensively studied and is 
currently  the  most  widely  used  ambient  MS  method.  DESI  employs  a  
pneumatically assisted charged spray to desorb and ionize analytes from a 
surface (Figure 2). The spray is created as in ESI,[59] by applying high 
voltage to a flowing solvent, which is sprayed toward a grounded mass 
spectrometer inlet (or vice versa) from a small capillary with the aid of a 
nebulizer gas. The droplets of the spray solvent, either positively or 
negatively  charged,  desolvate  and  fragment  into  smaller  droplets.  These  
droplets (approximately 2-4  µm  in  diameter)  are  then  directed  onto  the  
sample surface. Most DESI experiments involve a so-called droplet pick-
up mechanism, where the charged droplets form a thin liquid film on the 
sample  surface,  which  then  dissolves  the  analytes.[60-62] Later-arriving 
droplets splash onto this thin film, forming progeny droplets, from which 
the ionization proceeds by common ESI mechanisms: after multiple 
droplet fissions, ionized gas-phase analytes are formed by ion 
emission[63,64] or charge residue[65] processes,  and  the  ions  are  drawn  
inside the mass spectrometer. Also gas-phase ionization reactions are 
known to take place in ESI,[66,67] determined by the gas-phase basicities 
(the measure of which is proton affinity, PA) and gas-phase acidities of the 
analytes and reactant molecules. In addition to the mechanisms familiar 
from ESI, gas-phase ionization that does not include the droplet pick-up 
mechanism but ionization on the surface or in gas phase after analyte 
evaporation  has  been  proposed  to  operate  in  certain  DESI  
experiments.[9,68,69]  

Similar to ESI, DESI typically produces protonated molecules, 
deprotonated  molecules,  multiply  charged  ions,  adduct  ions,  or  less  
frequently, radical ions.[68] In addition, oxidation products, which are not 
formed  in  corresponding  ESI  or  ESSI  (electrosonic  spray  ionization[70]) 
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analysis, have been reported in DESI for various compounds, including 
drugs and lipids.[71-73] 

 

Figure 2 Scheme of the DESI setup. 

The effects of the spray solvent on the ionization in DESI are likely largely 
to  follow  the  features  of  ESI.[59] Typically, 50% aqueous spray solvents 
(most commonly water-methanol 50:50) are used in DESI, often 
providing optimal desorption and ionization for polar compounds.[16,74] In 
the droplet pick-up mechanism, however, it is important that the analyte 
be  soluble  in  the  spray  solvent,  and  thus  desorption  and  ionization  of  
hydrophobic compounds is enhanced with the use of non-aqueous spray 
solvents.[74]  

While bulky solid samples can be placed on any kind of mount or even 
held by hand, liquid samples need to be deposited on a suitable sampling 
surface. The properties of the spray solvent and the analyte affect the 
choice of surface, but typically best performance is obtained on 
nonconducting polymer surfaces—poly(tetrafluoroethylene) (PTFE, also 
known as Teflon) and poly(methylmethacrylate) (PMMA).[68,73] On 
conducting surfaces such as metals, the charges may neutralize and inhibit 
the ionization. Surface roughness and chemical nature affect the 
interactions of the surface with both the analyte and the spray solvent and 
thereby the desorption and ionization efficiencies.[68,73,75] PTFE surface 
has been found to be optimal at least for polar analytes and spray 
solvents.[14,73] Because of its hydrophobic nature, the PTFE surface also 
confines aqueous samples to small areas and prevents inhomogeneous 
spreading of the analytes and uncontrolled formation of “sweet spots”. 
Moreover, suppression of the ionization of drugs by salts was found to be 
reduced on a PTFE surface as compared with six other surfaces.[14]  

DESI has been used in a wide variety of applications ranging from 
environmental[76] and forensic[77] to clinical diagnostics.[78] True  field  
analyses have been reported in work with a portable mass 
spectrometer.[76] Complex samples analyzed without sample pretreatment 
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include food,[18] plants,[69] tablets,[77] skin,[79] and body fluids.[16,80] DESI 
imaging has been actively studied, especially in the analysis of disease 
biomarker lipids (mainly phospho- and sphingolipids) in tissues,[81] 
enabling differentiation between healthy and cancerous tissues.[78] The 
ionization in liquid phase, as in ESI, makes DESI suitable as well for large, 
nonvolatile analytes.[82] The limitation encountered with DESI, however, 
is the polarity: nonpolar and low-polarity compounds are not efficiently 
ionized with DESI. Variations of the method, such as reactive DESI[83] and 
desorption ionization by charge exchange (DICE),[84] have been developed 
to improve the ionization of nonpolar and less polar compounds.      

1.3 Desorption atmospheric pressure photoionization 
(DAPPI) 

DAPPI is an ambient ionization method, introduced in 2007, which relies 
on photoionization.[12] Desorption of analytes is achieved with a heated jet 
of spray solvent and nebulizer gas, mixed and delivered by a heated 
microchip.[85] The  desorption  is  believed  to  be  mainly  thermal  in  nature,  
while the primary function of the spray solvent is in the ionization, taking 
place in gas phase and initiated by a vacuum ultraviolet (VUV) lamp 
placed above the sample (Figure 3).[12,86] The photons (of 10-eV energy 
with  a  minor  amount  of  10.6  eV)  emitted  by  the  VUV  lamp  ionize  the  
solvent, which is chosen to have ionization energy (IE) below the photon 
energy (10 eV). This produces positively charged radical cations of the 
solvent  molecules  and  thermal  electrons  (Scheme  1,  reaction  1).  The  
subsequent reactions, similar to those in APPI,[87] can produce positive 
and negative ions simultaneously, and the voltages of the mass 
spectrometer then determine which ions are analyzed (as in DIOS). 

In positive ion DAPPI, analytes with IE lower than 10 eV can be 
photoionized directly (Scheme 1, reaction 2),[88] though it is more likely 
that the solvent radical cations, which are present in high abundance, will 
ionize the analytes either by charge exchange (Scheme 1, reaction 3) if the 
IE  of  the  analyte  is  lower  than  that  of  the  solvent  or  by  proton  transfer  
(Scheme 1,  reaction  4)  if  the  PA of  the  analyte  is  higher  than  that  of  the  
deprotonated solvent radical cation.[86] Alternatively, the spray solvent 
may form protonated reagent molecules, which can react with the analyte 
by proton transfer (Scheme 1, reaction 5) if the PA of the analyte is higher 
than that of the solvent molecule. However, all the ionization reactions 
(Scheme  1)  may  be  affected  by  the  formation  of  solvent  clusters,  whose  
gas-phase thermodynamic properties differ from those of the monomers; 
for example, IEs are lower[89] and PAs are higher.[90,91] 
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Figure 3 Scheme of the DAPPI setup. 

In negative ion DAPPI, the thermal electrons released from the solvent 
molecules[86,92] (or possibly from metal surfaces of the ion source[93]) 
during  the  photoionization  are  captured  by  compounds  with  positive  EA 
(Scheme 1, reaction 6). Oxygen, which has positive EA (0.45 eV),[94] is 
always  present  in  DAPPI  and  forms  a  superoxide  ion  O2-· (Scheme 1, 
reaction 7), which can ionize the analytes via charge exchange (Scheme 1, 
reaction 8) if the EA of the analyte is higher than that of oxygen.[86,92] The 
superoxide ion is a relatively strong gas-phase base (gas-phase acidity of 
HO2

· is 1451 kJ mol-1),[94] and can also deprotonate analytes of higher gas-
phase acidities (Scheme 1, reaction 9). In addition, oxidation reactions 
have been reported in negative ion DAPPI,[86] similar to those in 
APPI.[90,92,93,95] 

 
 

S + hn → S+· + e-         if IE(S) < hn  (1) 
M + hn → M+· + e-               IE(M) < hn  (2) 
M + S+· → M+· + S  IE(M) < IE(S)  (3) 
M + S+· → [M+H]+ + [S-H] · PA(M) > PA([S-H] ·) (4) 
M + [S+H]+ → [M+H]+ + S  PA(M) > PA(S) (5) 
M + e- → M-·  EA(M) > 0  (6) 
O2 + e- → O2

-·    (7) 
M + O2

-· → M-· + O2
  EA(M) > EA(O2) (8) 

M + O2
-· → [M-H]- + HO2

·
    DGacid(M) < DGacid (HO2

·) (9) 

Scheme 1 Possible ionization reactions in DAPPI. M = analyte molecule, S = solvent 
molecule, DGacid = gas-phase acidity; hn indicates the energy of a photon. 

It  is  thus  possible  to  ionize  analytes  of  low PA (in  positive  ion  mode)  or  
low gas-phase  acidity  (in  negative  ion  mode)  via  charge  exchange  if  they  
have  low enough IEs  (in  positive  ion  mode)  or  positive  EAs  (in  negative  
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ion mode). Nonpolar and neutral compounds, which are not ionized by 
DESI, can be efficiently ionized by DAPPI.[17]  

The most used solvents in DAPPI include toluene, anisole, and 
acetone.[12,86] Toluene and anisole form radical cations, which can react 
with analytes via both charge exchange and proton transfer. Acetone, on 
the other hand, forms only protonated reactant molecules and can react 
with the analytes only by proton transfer.[86] 

As in DESI, bulky solid samples can be placed on any kind of mount, 
and  the  optimal  surfaces  for  liquid  samples  are  polymers  PMMA  and  
PTFE.[86] In  DAPPI,  however,  the  suitability  of  PMMA  and  PTFE  is  
attributable mainly to their low thermal conductivity: thermal 
confinement allows the heated jet of solvent and nebulizer gas to heat the 
sample spot efficiently. Again, the hydrophobic nature of these polymer 
surfaces provides confinement of aqueous samples and thereby efficient 
sampling. 

DAPPI has been studied mainly in forensic[96-98] and 
environmental[17,99,100] applications, but it has also shown promise in lipid 
analysis.[101] Active ingredients have been directly analyzed in tablets,[12,96] 
blotter paper,[96] plants,[96,101] circuit board, and orange peel.[17] Imaging 
with  DAPPI  has  been  performed  for  a  plant  leaf  and  mouse  brain  
tissue,[101] though the demonstrated spatial resolution was poor (1 mm) 
due  to  a  large  thermal  desorption  area.  The  thermal  vaporization  step  is  
also likely to limit the compound range of DAPPI to small (<1000 Da) and 
thermostable analytes. Unlike DIOS and DESI, DAPPI is not commerially 
available at present.  



 

21 

2 AIM OF THE STUDY 

The aim of the research was to develop and evaluate rapid DI-MS 
methods—DIOS, DESI, and DAPPI—for bio- and pharmaceutical analysis. 
New and improved sampling surfaces for DIOS-MS analysis were sought 
by developing a simple, low-cost method for their fabrication. The 
capabilities  of  the  newly  introduced  ambient  MS  method  DAPPI  were  
investigated in the analysis of lipids and drugs of abuse in standard, 
spiked, and authentic pharmaceutical and biological samples, and the 
method was compared with DESI. 
 
More specifically, the objectives of the study were 

 
 
- to develop a new, rapid, simple, and low-cost AP method for 

localized chemical surface modifications of silicon to be used as 
improved sample substrates in DIOS-MS (I) 

- to develop a new, rapid, simple, and low-cost AP method for 
fabricating DIOS-MS substrates (II) 

- to study the performance of DAPPI and DESI in the analysis of 
lipids in standard samples and pharmaceutical and food products 
(III) 

- to evaluate the performance of DAPPI and DESI in rapid direct 
analysis of drugs in urine by using standard samples, spiked urine, 
and authentic urine samples (IV) 
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3 EXPERIMENTAL 

This section briefly describes the analytes, materials, samples, 
instrumentation, and experimental setups used in the study. Details of the 
experimental conditions and the chemicals can be found in the original 
publications I-IV. 

3.1 Analytes, materials, and samples 

The structures of the studied compounds are presented in Figure 4. 
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Figure 4 Structures and monoisotopic molecular masses of the analytes. 

Silicon wafers were purchased from University Wafer (Boston, MA). Black 
silicon (needle diameter ~100 nm, needle height ~2 µm) and micropillar 
silicon (pillar diameter ~9 µm, pillar height ~10 µm) structures 
(Publication I) were fabricated on the wafers by deep reactive ion etching 
as described in reference 23.  Nanoporous silicon (pore diameter 50-200 
nm, pore depth 100-200 nm) (Publication II) was fabricated by 
electrochemical  etching  as  reported  in  reference  22.  PMMA  and  PTFE  
(Publications III and IV) were from Vink Finland (Kerava, Finland).  

The  drugs,  amino  acid,  and  peptides  (Publications  II  and  IV)  were  
dissolved in water, ethanol, methanol, or water-methanol 50:50 (v/v), 
and further diluted in water-methanol 50:50 (v/v). Verapamil 
(Publication I) was dissolved in methanol and further diluted in water. 
The lipids (Publication III) were dissolved in chloroform-methanol 90:10 
(v/v), dichloromethane-methanol  90:10  (v/v),  or  methanol  and  then  
further diluted in dichloromethane-methanol 50:50 (v/v). 
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Nutriway Omega-3 Complex capsules (Nutriway, Ada, MI) contained 
1000 mg of fish oil with 180 mg of eicosapentaenoic acid (EPA) and 120 
mg of docosahexaenoic acid (DHA). Equiday capsules (Algol Pharma, 
Espoo, Finland) contained 200 mg of D-a-tocopherol. The oil was taken 
through  the  gelatin  coating  of  the  capsules  with  a  syringe  needle  and  
injected onto a sheet of office paper. Butter (Valio, Finland) was likewise 
spread on a sheet of office paper.  

Blank urine and forensic post mortem urine samples were obtained 
from the Department of Forensic Medicine (Hjelt Institute, University of 
Helsinki). The pretreatment of the post mortem samples consisted of 
hydrolysis with b-glucuronidase overnight at 37 °C and extraction with 
Isolute HCX-5 mixed-mode solid-phase extraction cartridges 
(International Sorbent Technology, Hengoed, U.K.) as described in 
reference 102.  

3.2 Instrumentation 

Comercially available instruments and equipment used in the study are 
presented in Table 1.  

 

Table 1. Instruments and equipment used in the study. DC is direct current. 

Instruments and equipment Manufacturer Publication 
High-voltage DC supply Spellman, Pulborough, West Sussex, UK I, II 
Microflex MALDI-TOF mass spectrometer with a 
nitrogen laser (337 nm, 5 Hz) Bruker Daltonics, Bremen, Germany  I 

Ion trap LC/MS 6330 mass spectrometer Agilent Technologies, Santa Clara, CA II 
AP-MALDI ion source with a nitrogen laser  
(337 nm, 10 Hz) MassTech, Columbia, MD II 

Esquire 3000+ ion trap mass spectrometer Bruker Daltonics, Bremen, Germany II 
Nanospray stand Proxeon Biosystems A/S, Odense, Denmark III, IV 
Capillary extension Agilent Technologies, Santa Clara, CA III, IV 

DC krypton discharge VUV lamp Heraeus Noblelight, Cambridge, UK III, IV 
Mass flow controller (GCF17) Aalborg, Orangeburg, NY III, IV 
Nanospray stand Proxeon Biosystems A/S, Odense, Denmark III, IV 

DC power supply 
Thurlby-Thandar Instruments Ltd., 
Huntingdon, UK III, IV 

Xyz stages Proxeon Biosystems A/S, Odense, Denmark I - IV 
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3.3 Surface modifications of silicon 

3.3.1 Trichloro(octadecyl)silane (ODS) coating 
For the preparation of trichloro(octadecyl)silane (ODS) coatings, black 
silicon plates were immersed in a 3% (v/v) solution of ODS in toluene 
under an argon atmosphere. After 1 h at room temperature, the plates 
were removed from the solution and rinsed with toluene, cured at 120 °C 
(for condensation of unreacted silanol groups), and washed with toluene 
and methanol in an ultrasonic bath. 

3.3.2 Electric discharge treatment 
The discharge tip (a 50-µm-diameter platinum wire or a steel needle with 
a  tip  of  90-µm diameter)  was  connected  to  a  high  voltage  direct  current  
(DC) supply through a 470-MW resistor and set at the desired distance 
(20-1000 µm) from a grounded silicon plate (planar, black, or micropillar 
silicon) (Figure 5). A continuous, visible discharge was formed between 
the tip and the surface. The current was kept constant at the desired value 
(0.1-3  µA  for  removal  of  the  ODS  coating  and  0.1-20  µA  for  surface  
roughening), and the tip was either held stationary or moved over the 
surface with a computer-controlled xyz stage. 

 

Figure 5 Scheme of the electric discharge setup and a micrograph of the discharge from 
the steel needle. R = resistor, HV = high voltage. 

3.4 Mass spectrometry 

3.4.1 DIOS-MS 
DIOS mass spectra were measured from the black silicon surfaces with a 
Microflex MALDI-TOF mass spectrometer (Publication I). The samples (2 
x 0.2 µL) were applied to the sample spots and left to dry. 

DIOS mass spectra were recorded from the pSi and discharge-created 
nanocluster silicon (NCSi) surfaces with an Agilent 6330 ion trap LC/MS 
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mass spectrometer equipped with an AP-MALDI ion source with capillary 
extension to the mass spectrometer (Publication II) (Figure 1). Samples of 
0.1 µL were applied to the sample spots and left to dry. The parameters of 
the mass spectrometer and the laser were optimized for each analyte. 

3.4.2 DESI-MS 
The  DESI  mass  spectra  were  measured  with  an  Esquire  3000+  ion  trap  
mass spectrometer. A nanospray stand was attached in place of the 
conventional ion source and a capillary extension in place of the spray 
shield. The in-house built DESI ion source, consisting of a grounded 
solvent delivery line and a coaxial line for the nebulizer gas, was housed in 
the  nanospray  stand  (Figure  2).  The  positions  of  the  sprayer  and  the  
sample were adjusted with xyz stages. The sample (1 µL) was applied to a 
PTFE surface and left to dry. The parameters of the mass spectrometer 
and DESI were optimized for each analyte (Publication III) or mixture of 
analytes (Publication IV). 

3.4.3 DAPPI-MS 
The DAPPI mass spectra were measured with an Esquire 3000+ ion trap 
mass spectrometer equipped with the same nanospray stand and capillary 
extension  as  in  the  DESI  measurements.  The  in-house  built  DAPPI  ion  
source consisted of a microchip,[85] heated with a DC power supply, for 
delivering  solvent  and  nebulizer  gas  (through  a  flow  controller)  and  a  
krypton discharge VUV lamp emitting photons of 10.0 eV and a minor 
amount of 10.6 eV energy (Figure 3). The positions of the microchip and 
the sample were adjusted with xyz stages. PTFE surface was used for lipid 
samples and PMMA surface for drug and urine samples. Samples of 1 µL 
were  applied  to  the  surface  and  left  to  dry.  The  parameters  of  the  mass  
spectrometer and DAPPI were optimized for each analyte (Publication III) 
or mixture of analytes (Publication IV). 
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4 RESULTS AND DISCUSSION 

The main results of the study are shortly presented in this section. Details 
can be found in the original publications I-IV. 

4.1 DIOS-MS 

Publications I and II describe an electric discharge method developed for 
rapid, simple, and low-cost surface modifications of silicon in AP air. The 
method was utilized in two applications: chemical modification of black 
silicon DIOS surfaces to provide improved sample handling (I) and simple 
and efficient fabrication of roughened planar silicon surfaces to be used as 
a new DIOS surface (II).  

4.1.1 Surface modifications of silicon by electric discharge method 
A  micro-scale  discharge  was  utilized  to  modify  surfaces  locally,  only  in  
areas exposed to the discharge tip. Miniaturized discharges have attracted 
wide interest in material processing at AP because of their better stability 
as compared with macroscopic discharges.[103] The discharge tip was held 
20-1000 µm above the surface. This noncontact approach enabled the 
modification of planar as well as textured surfaces, such as micropillar and 
black silicon. The discharge was held stationary or moved over the surface 
with the help of a computer-controlled, motorized xyz stage. 

For the sample handling applications (chemically modified sample 
substrates),  first  a  hydrophobic  ODS  SAM  containing  a  C18 chain  was  
formed on  the  silicon  surface.  Short  exposure  (~1  second) to the electric 
discharge removed the SAM from the exposed areas revealing the 
underlying hydrophilic silicon oxide surface (Figure 6). The oxide surface 
was not damaged by the discharge. With rapid scanning of the surface 
with  the  discharge  the  minimum  line  width  achieved  was  50  µm  
(parameters: speed 5 mm s-1, distance 20 µm, current 1 µA, and platinum 
tip 50 µm diameter).  In  this  way,  various  hydrophilic  patterns  could  be  
“drawn” on the hydrophobic, ODS-coated surface. Short (1 s), static 
exposure of an ODS-coated black silicon surface to the discharge resulted 
in  round  hydrophilic  spots  with  a  diameter  of  ~100  µm  (parameters:  
distance 50 µm, current 1 µA, and platinum tip 50 µm diameter). Since the 
exposed silicon oxide surface was hydrophilic and the surrounding ODS 
SAM hydrophobic, the patterned hydrophilic/hydrophobic surface 
chemistry provided a way to control the spreading of aqueous solutions on 
the surface. The hydrophilic/hydrophobic surface patterns were utilized in 
surface-guided microfluidic channels for aqueous solutions (Figure 6, 
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details in Publication I) and for confinement of aqueous samples on 
surfaces  (as  described  in  section  4.1.2).  Besides  ODS,  also  other  kinds  of  
silane SAM were applied and then removed by the electric discharge 
method;  moreover,  various  kinds  of  silanes  were  attached  to  the  
discharge-treated areas (backfilling) to give surfaces consisting of two 
different SAMs.  

 

Figure 6 Left: scheme of the electric discharge treatment of hydrophobic ODS SAM on 
hydrophilic silicon-silicon oxide (side view, not to scale). Right: micrograph of a 
discharge-treated ODS SAM-coated silicon micropillar ESI chip[104] (top view). 
Aqueous solution spreads only in the hydrophilic discharge-treated area defined 
by the surface chemistry. The spray formed at the tip of the ESI chip is created 
by the electric field applied between the chip and the mass spectrometer 
(similarly to DESI). 

Longer exposure (>10 seconds) of a planar silicon surface to the electric 
discharge resulted in the formation of a nanocluster silicon (NCSi) surface 
consisting of oxidized silicon nanoclusters 50-200 nm in diameter. Figure 
7  shows  the  effects  of  exposure  time  and  discharge  current  on  the  NCSi  
structures. Adequate cluster formation was achieved with 1 µA current in 
30  seconds.  Higher  currents  or  longer  exposure  times  resulted  in  
increased numbers of clusters per surface area but also a more irregular 
distribution of the clusters. Above 30 µA current, the discharge became 
unstable. The minimum size of the NCSi spot was 90 µm, determined by 
the discharge tip (steel needle). The  thickness  of  the  NCSi  layer  was  
several  hundred  nanometers  as  defined  with  SEM of  the  cross  section  of  
the nanoclustered spot. However, the measurement could be inaccurate 
since it was difficult to accurately cut the NCSi spot from the center, and 
the nanoclusters appeared to break off from the surface when the spot was 
cut  in  half.  Any  desired  shape  of  the  NCSi  areas,  such  as  1  mm  x  1  mm  
squares,  could  be  produced  by  slowly  (25–500  µm  s-1)  moving  the  
discharge over the surface.  
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Figure 7 SEM images of NCSi surfaces showing the effects on the NCSi surface 
structure of exposure time with 1 µA discharge current (top row) and of 
discharge current with 30 s exposure time (bottom row). 

The formation of nanoclusters could involve melting due to the high 
temperatures in the discharge, as in electric discharge machining 
(EDM).[105,106] Similarly,  the  removal  of  the  ODS  SAM  could  involve  
thermal  degradation  since  ODS  SAM  reportedly  decomposes  totally  at  
~400 °C.[107] Surface bombardment with positive ions, electrochemical 
reactions, and UV light generation in the discharge may also contribute to 
the removal of the ODS SAM. 

4.1.2 Surface modifications for sample concentration in DIOS-MS 
Hydrophilic sample spots (diameter ~100 µm) fabricated on ODS-coated 
black silicon surface by electric discharge method, as presented above, 
were used to concentrate aqueous samples into a defined area. Rather 
than spreading uncontrollably, samples were effectively confined into 
small hydrophilic spots. In this way, the unpredictable and 
inhomogeneous spreading of the analyte on the surface can be avoided. 
The amount of ions generated in each laser shot is increased, and thereby 
the sensitivity enhanced.[108] The effect of sample confinement on the 
signal intensity was investigated with three different concentrations (100 
nM, 500 nM, and 10 µM) of the drug verapamil in aqueous solution. This 
corresponded to 40 fmol, 200 fmol, and 4 pmol on the surface. The 
discharge-treated hydrophilic/hydrophobic black silicon surface was 
compared with a hydrophilic oxidized black silicon surface and a 
hydrophobic hydride-terminated black silicon surface. Scheme 2 presents 
the combined DIOS-MS signal intensities of verapamil [M+H]+ and its 
two abundant fragment ions [M-C9H11O2]+ and [M-C17H24O2N2]+, which 
are typically formed in vacuum-DIOS, from these three surfaces. The 
DIOS mass spectra revealed a 5- to 25-fold increase in verapamil signal 
intensity from the discharge-treated surface relative to the nontreated 
hydrophilic surface and a 10- to 25-fold increase relative to the nontreated 
hydrophobic  surface.  Successful  concentration  of  the  sample  on  the  
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discharge-treated surface can be concluded. Since the analyte was more 
evenly distributed on the sample spot, the repeatability was enhanced as 
well: relative standard deviation (RSD) of the signal intensity was 23% 
from  the  discharge-treated  surface  as  compared  with  54%  from  the  
hydrophilic surface and 71% from the hydrophobic surface. The analysis 
was also faster from discharge-treated surfaces than from the nontreated 
surfaces,  since  there  was  no  need  to  search  with  the  laser  beam  for  the  
sweet spots of the analytes.  

 

Scheme 2 Effects of sample concentration and type of black silicon surface on signal 
intensity of verapamil measured by DIOS-MS. The signal intensity is 
presented for three different concentrations of aqueous verapamil solution on 
a discharge-treated (DT), a hydrophilic (HPL) reference, and a hydrophobic 
(HPB) reference black silicon surface.  

Sample  concentration  on  modified  surfaces  has  been  pursued  in  laser  
induced DI-MS, mainly MALDI, by several different approaches, as 
thoroughly  reviewed  by  Urban  et  al.[108] Hydrophobic  surfaces  are  
commonly employed, and exploited also in DIOS.[46] However, the 
accurate pipetting of small volumes of aqueous samples onto surfaces of 
high hydrophobicity is difficult. If hydrophobic surfaces are modified with 
hydrophilic patterns, the pipetting of aqueous samples is greatly facilitated 
and the deposition area of the sample can be accurately defined. 
Hydrophilic/hydrophobic surface modifications, in the form of 
commercially available AnchorChips™, are routinely employed in 
MALDI.[109] These rely on hydrophilic gold spots on a hydrophobic PTFE 
coating on a stainless steel support. Sample handling with modified 
hydrophilic/hydrophobic surfaces has also been demonstrated on 
nanopillar silicon.[110] The flower-shaped hydrophilic patterns were 
prepared by fluorpolymer coating, photolithography (with a mask), and 
oxygen plasma treatment.[111]  
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Use of SAMs and their local modification with electric discharge offers 
a very convenient means to fabricate hydrophilic/hydrophobic patterns on 
silicon. Surface modification of miniature areas with SAMs is an active 
area of research in surface science.[112] Methods include microcontact 
printing (µCP),[113] dip-pen nanolithography (DPN),[114] patterning with 
energetic beams (photons, electrons, atoms, ions),[115-118] and scanning 
probe lithography (SPL).[119] µCP  is  a  rapid  and  simple  technique  which  
can be applied to curved substrates,[120] but as a contact stamping method 
it does not tolerate textured surfaces. DPN and SPL are high-resolution 
techniques but neither can handle high-relief structures. In addition, both 
are slow in scanning large areas and require expensive equipment. 
Bombardment with energetic beams can be relatively fast and is better 
suited for textured surfaces. However, masks, complex setups, special 
equipment, or vacuum environments are often required. The electric 
discharge method is simple and rapid by comparison, and enables 
fabrication of multiple sample spots (or other patterns) over a whole wafer 
without the need of masks.  

The hydrophilic/hydrophobic surface modifications for DIOS-MS that 
have been presented here are only suitable for concentrating polar 
analytes that can be dissolved in polar solvents. Drugs and biomolecules 
typically fall into this category. Filling the discharge-treated area with 
another SAM opens the way to more complex applications: sample 
purification on a surface, for example. Oxidative modification of SAM 
head  groups  through  adjustment  of  the  electric  current,  as  done  in  
SPL,[121] would probably provide another simple way to obtain different 
functionalities and further chemical reactions on the surface. 

4.1.3 Nanocluster silicon (NCSi) as a DIOS-MS surface 
The ability of NCSi to serve as a DIOS-MS sample surface was studied 
with the drugs verapamil, propranolol, and diazepam, the amino acid 
histidine, and the peptides angiotensin II, substance P, and melittin as 
model compounds. Since the diameter of a single nanoclustered spot was 
~90 µm, which is less than the diameter of the laser beam that was used, 
larger  sample  areas  (1  mm  x  1  mm)  of  NCSi  were  prepared  for  these  
experiments, as described above (section 4.1.1). The performance of NCSi 
as a DIOS surface was compared with the performance of pSi fabricated by 
electrochemical etching in HF.[22]  

The mass and product ion spectra of the analytes, as well as the 
background spectra, were similar for the NCSi and for pSi surfaces. Figure 
8 presents the DIOS mass spectra of verapamil measured from the NCSi 
and pSi surfaces. The smaller test compounds histidine, propranolol, 
diazepam, and verapamil and the peptides angiotensin II and substance P 
were efficiently desorbed and ionized from both surfaces. Abundant 
protonated molecules were formed with minimal or no fragmentation. In 
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the  mass  spectra  of  the  peptides,  substance  P  as  an  example,  ions  
[M+Na]+ and [M+K]+ were  seen  in  addition  to  [M+H]+ (Figure  9).  The  
higher  molecular  weight  peptide  melittin  (2.8  kDa)  was  not  detected  on  
either surface, indicating decreased desorption/ionization efficiency for 
larger  molecules  (>1.5  kDa).  The  same was  reported  earlier  with  pSi.[122] 
The failure of lasers to desorb and ionize large molecules from 
nanostructured  silicon  surfaces  may  be  the  result  of  too  low  surface  
temperatures for effective desorption.[30] 

 

Figure 8 DIOS mass spectra of 100 fmol (1 µM) of verapamil measured from NCSi (left) 
and pSi (right) surfaces. 

 

Figure 9 DIOS mass spectrum of 10 pmol (100 µM) of substance P measured from NCSi 
surface. 

Limits of detection (LODs) were measured for verapamil, propranolol, 
diazepam,  and  angiotensin  II  from  NCSi  and  pSi  surfaces  in  MS  and  
MS/MS modes. For all four compounds, the LODs were the same on the 
two surfaces (Table 2). The LODs were between 1 and 100 fmol in MS 
mode and between 100 amol and 100 fmol in MS/MS mode, indicating 
good sensivitity.  
 



 

33 

Table 2. LODs (signal-to-noise ratio, S/N > 3) for drugs and peptides measured by 
DIOS-MS and MS/MS. 

 DIOS-MS DIOS-MS/MS 
 From NCSi 

(fmol) 
From pSi 
(fmol) 

From NCSi 
(fmol) 

From pSi 
(fmol) 

Verapamil 1 1 0.1 0.1 
Propranolol 100 100 10 10 
Diazepam 10 10 10 10 
Angiotensin II 100 100 100  100  

 
The RSD of the [M+H]+ signal intensity of verapamil was 44% measured 
from the NCSi surface and 36% from the pSi surface. While the 
repeatability from the two surfaces was thus similar, the signal duration 
was  different.  When  the  laser  was  directed  at  one  fixed  point  on  the  
surface, the signal intensity of verapamil [M+H]+ had  decreased  by  50% 
after  ~20  seconds  of  irradiation  on  the  NCSi  surface  (Figure  10)  and  by  
50%  after  ~50  seconds  of  irradiation  on  the  pSi  surface.  It  has  been  
proposed that the pores on pSi act as reservoirs for the analytes and/or 
proton donor molecules, such as water or methanol,[33] resupplying the 
surface with the analyte after the laser pulse.[28] 

 

Figure 10 Duration of the DIOS-MS signal of verapamil [M+H]+ (100 fmol, 1 µM) measured 
from NCSi and pSi surfaces. 

The results show that the performance of NCSi surfaces in terms of signal 
intensity, S/N, sensitivity, repeatability, and fragmentation is comparable 
to  the  performance  of  pSi  surfaces.  Like  pSi,  NCSi  surfaces  have  the  
properties necessary for efficient desorption/ionization in DIOS-MS. The 
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advantage of the NCSi surface is the easy fabrication, requiring only a 
high-voltage supply and a discharge needle. The fabrication of pSi, by 
comparison, involves an elaborate setup including strongly corrosive HF, 
ethanol, two light sources, an optical filter, an HF-resistant polymer mask 
and an electrochemical cell, electrodes, and a power supply.[22] Within the 
total fabrication time (including mask alignment, assembling the 
electrochemical cell, and etching) of 15–20 minutes, however, multiple pSi 
sample areas can be formed simultaneously, whereas the same time is 
needed to fabricate a single NCSi sample area (1 mm x 1 mm). The NCSi 
fabrication could be speeded up through use of multiple discharge tips. A 
further benefit of NCSi fabrication is that electric discharge offers versatile 
area definition without masks. 

 

4.2 DESI-MS and DAPPI-MS 

Publications III and IV examined the feasibility of DESI and DAPPI in the 
analysis of various lipids (fatty acids, fat-soluble vitamins, triacylglycerols, 
steroids, phospho- and sphingolipids) and in the direct analysis of drugs 
of abuse (benzodiazepines and opioids) in urine. 

4.2.1 Desorption and ionization of lipids 
Desorption and ionization of lipids of different polarities, acid-base 
properties,  degree of  unsaturation,  and molecular weights was studied in 
positive and negative ion DESI and DAPPI with different spray solvents. 
Palmitic acid and linoleic acid represent fatty acids (saturated and 
unsaturated, respectively), a-tocopherol (vitamin E) and phylloquinone 
(vitamin K1) fat-soluble vitamins, and tributyrin (small, saturated) and 
trilinolenin (large, unsaturated) triacylglycerols. Di-18:1-PC (unsaturated), 
di-14:0-PE (saturated), di-14:0-PS (saturated), and 16:0/18:1-PI 
(unsaturated) represent different phospholipid classes, while 18:1-SM is a 
sphingolipid. The structures and molecular weights of the lipids can be 
found in Figure 4. 

Varying with the spray solvent, the lipids typically formed multiple 
different ions with both DESI and DAPPI, as specified in sections 4.2.1.1 
and 4.2.1.2 below. Detailed tables of the formed ions can be found in the 
Supporting Information of Publication III. The spray solvents studied are 
presented in Table 3. For brevity, the DESI spray solvents are referred to 
in the text by their Arabic numerals (1-6).  
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Table 3. Spray solvents studied in the analysis of lipids by DESI-MS (spray solvent 
abbreviation number in parenthesis) and DAPPI-MS. 

Spray solvent Method 
Methanol DESI (1) 
Water-methanol 50:50 DESI (2) 
Water-methanol 50:50 + 0.1% acetic acid DESI (3) 
Water-methanol 50:50 + 0.1% ammonium acetate DESI (4) 
Water-methanol 50:50 + 0.1% ammonium hydroxide DESI (5) 
Methanol-dichloromethane + 0.1% acetic acid DESI (6) 
Toluene DAPPI 
Anisole DAPPI 
Chlorobenzene DAPPI 
Acetone DAPPI 

 
PTFE,  PMMA,  and  glass  were  tested  as  sample  surfaces  for  the  lipids  in  
methanol-dichloromethane (50:50) solution. The sample solution spread 
widely  on  the  PMMA and glass  surfaces,  but  the  spreading  was  minimal  
on  PTFE,  which  also  (and  probably  mostly  for  that  reason)  provided  
highest  signal  intensities  with  both  DESI  and  DAPPI.  The  PTFE  surface  
was chosen for further measurements of the lipids.  

4.2.1.1 DESI 
With DESI, the lipids containing ionizable groups (fatty acids, a-
tocopherol, phospho- and sphingolipids) were most likely ionized by 
common ESI mechanisms, ion evaporation[63,64] or charge residue[65] 
processes. In positive ion DESI, zwitterionic di-18:1-PC, di-14:0-PE, and 
18:1-SM  were  efficiently  protonated.  Spray  solvents  1  and  2  also  formed  
[M+Na]+ (Figure 11A), but the solvents containing acetic acid, ammonium 
acetate, or ammonium hydroxide (solvents 3-6) formed only [M+H]+, 
without adduct ions, and the interpretation of the spectra was thus 
simplified (Figure 11B). The formation of oxidation products with these 
solvents could be a problem, however, as discussed below. 

In negative ion mode, the acidic lipids palmitic acid, linoleic acid 
(Figure 11C), a-tocopherol, di-14:0-PS, and 16:0/18:2-PI and zwitterionic 
di-14:0-PE formed [M-H]- with  all  the  spray  solvents.  The  formation  of  
[M+acetate]- ions  (with  spray  solvents  3  and  4)  and  [M+Cl]- ions (with 
spray solvent 6) in negative ion DESI could be exploited in the detection of 
di-18:1-PC and 18:1-SM, which both contain a quaternary ammonium 
group. 

The neutral lipids, lacking ionizable groups, were most likely ionized by 
gas-phase proton transfer reactions or adduct ion formation.[66,123] 
Analytes having higher PA than the gas-phase reactant species derived 
from the spray solvent can be efficiently ionized by gas-phase proton 
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transfer reactions.[67] Testosterone  has  a  high  PA  (calculated  926  
kJ/mol)[40] and was efficiently ionized by proton transfer with all the spray 
solvents. Ion [M+Na]+ was formed with spray solvents 1 and 2, but as with 
the phospho- and sphingolipids, much less or not at all with spray solvents 
3-6. This simplified the spectra. Nonpolar, low PA cholesterol was not 
detected with any of the spray solvents. The nonpolar vitamins had 
sufficiently high PAs to form [M+H]+ but, in addition, [M-H]+ ions, which 
were probably formed through the loss of hydrogen from [M+H]+ (Figure 
11D). The triacylglycerols had insufficient PAs for proton transfer reaction, 
but they were ionized via ammonium adduct or sodium adduct formation, 
as  in  ESI.[124] The addition of ammonium acetate (solvent 4) or 
ammonium hydroxide (solvent 5) to the spray solvent favored the 
formation of [M+NH4]+ instead  of  [M+Na]+, simplifying the spectra 
(Figure 11E). In addition, fragment ion [M-87]+ was formed from 
tributyrin through the loss of one fatty acid chain, as is typical of saturated 
triacylglycerols with DESI.[18] 

Abundant oxidation products ([M-Hx+Oy], [M+Oy], or [M+Hx+Oy]) 
were  observed  for  the  vitamins  and  some  of  the  phospho-  and  
sphingolipids  in  both  positive  and  negative  ion  DESI,  and  to  a  lesser  
extent for trilinolenin in positive ion mode and linoleic acid in negative ion 
mode. Most of these compounds contain double bonds. The aqueous spray 
solvents containing acetic acid (solvent 3), ammonium hydroxide (solvent 
5), and especially ammonium acetate (solvent 4) promoted extensive 
oxidation as compared with the other spray solvents. Previous studies 
reporting oxidation in DESI have attributed this to a reaction of the 
analyte with reactive oxygen species created in gas phase by a discharge 
process or in the spray solvent by an electrochemical process.[71,72] Our 
results  are  in  agreement  with  an  earlier  report  of  enhanced  oxidation  of  
analytes when ammonium acetate is present in the spray solvent.[71] The 
greater formation of reactive oxygen species was attributed to the 
increased  conductivity  of  the  solution  and  therefore  increased  spray  
current. As was demonstrated in this work, undesired oxidation reactions 
can be minimized or avoided by using solvents without additives, such as 
pure methanol or water-methanol (50:50). Oxidation reactions can also 
be exploited, for example, for assigning double bond positions.[125]  

The most polar lipids testosterone, tributyrin, and the phospho- and 
sphingolipids  were  clearly  detected  by  DESI  in  10  µM  samples  
(corresponding to 10 pmol on the surface)—the sensitivity of DESI for the 
other  lipids  was  poorer  and  sample  concentration  was  increased  to  100  
µM (100 pmol).  
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Figure 11 DESI (left) and DAPPI (right) mass spectra of selected lipids. Spray solvents: A) 
methanol (solvent 1), B-E) water-methanol 50:50 + 0.1% ammonium acetate 
(solvent 4), F) toluene, G-H) anisole, and I) toluene. BG = ion from background, 
FA = fatty acid. 

4.2.1.2 DAPPI 
The desorption of analytes in DAPPI is believed to occur mainly thermally 
by the action of hot solvent vapor.[12,86] Thermal desorption is supported 
here by the observation that the larger and less volatile molecules—
trilinolenin and the phospho- and sphingolipids—required higher 
microchip heating power (7 W) (corresponding to higher desorption 
temperature)  than  did  the  smaller  molecules  (4.5  W).  The  phospho-  and  
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sphingolipids  were  also  extensively  fragmented  in  both  positive  and  
negative ion DAPPI, likely because of thermal degradation (Figure 11F).  

Except for the phospho- and sphingolipids, positive ion DAPPI spectra 
of the studied lipids showed abundant [M+H]+,  M+·,  or  [M-H]+ ions. 
Toluene and chlorobenzene, which have relatively low PAs (Table 4), were 
able to protonate a wider range of lipids than anisole and acetone. 
Halogenated benzenes, which feature high IE (and stable photoions), have 
been utilized in APPI to enhance the charge exchange reaction for 
nonpolar compounds.[126] In this study, however, chlorobenzene provided 
no improvement in the charge exchange reaction of nonpolar lipids. 

 

Table 4. Properties of the DAPPI spray solvents and other gas-phase species.[94] 

Compound PA (kJ mol-1) IE (eV) DGacid (kJ mol-1) EA (eV) 
Toluene 784 8.8 1567  
Anisole 840 8.2 1648  
Chlorobenzene 753 9.1   
Acetone 812 9.7 1515  
Oxygen 421 12.1  0.45 
HO2

·   1451  

 
In contrast to DESI, in DAPPI the triacylglycerols formed [M+H]+ by 
proton transfer (except in one case), in agreement with previous APPI 
results.[127] Nonpolar, unsaturated trilinolenin also formed M+· by charge 
exchange with toluene and chlorobenzene but only M+· with anisole. 
Interestingly, the triacylglycerols additionally formed [M+NH4]+ ions—
tributyrin with all spray solvents and trilinolenin with acetone—even 
though  ammonia  was  not  added  to  the  solvent  system  (Figure  11I).  This  
indicates strong affinity of triacylglycerols for ammonium, present even in 
residual amounts in the system. As with DESI, and as expected with 
saturated triacylglycerols,[127,128] the  fragment  ion  [M-87]+ of tributyrin 
was also formed with DAPPI. With its low IE (6.7 eV),[129] nonpolar α-
tocopherol, like trilinolenin, was efficiently ionized by charge exchange 
reaction with toluene, anisole, and chlorobenzene producing M+· (Figure 
11H). Because acetone forms only protonated reagent molecules,[88] charge 
transfer is not possible, and instead α-tocopherol formed a [M-H]+ ion 
with  acetone.  The  IE  of  phylloquinone  is  too  high  for  charge  transfer  
reaction,[130] but  the  PA  (~839  kJ/mol)[131] is  high  enough  for  it  to  form  
[M+H]+ with  toluene  and  chlorobenzene.  The  high  PA  (calculated  926  
kJ/mol)[40] and  high  IE  (8.95  eV)[132] of  testosterone  allowed  it  be  
efficiently protonated with all the spray solvents. In contrast to the 
situation in DESI, nonpolar, low PA cholesterol was efficiently ionized by 
DAPPI, giving rise to typical fragment ions formed by the loss of a 
hydroxyl group.[133] In addition, a weak [M-H]+ ion was detected with 
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chlorobenzene, formed either by hydride abstraction or by loss of 
hydrogen from the protonated molecule. 

In negative ion DAPPI, the fatty acids (Figure 11G) and α-tocopherol, 
both with high gas-phase acidities, were efficiently ionized by proton 
transfer, forming [M-H]- with all the spray solvents. Nonpolar 
phylloquinone possesses positive EA[130] and was efficiently ionized by 
charge exchange or electron capture, producing M-· with all the spray 
solvents. 

Similar to DESI, DAPPI produced abundant oxidation products of the 
vitamins in both positive and negative ion modes and of testosterone in 
negative ion mode. These compounds all have conjugated double bonds in 
their structures. Neutral reactive radicals, such as atomic oxygen and 
hydroxyl radical, have been reported to form in APPI through the 
photolysis of O2 and H2O present in ambient air and in spray solvents.[95] 
These same radical species could be involved in the oxidation reactions in 
DAPPI. The vitamins were particularly susceptible to oxidation when they 
were ionized by proton transfer (or hydride abstraction) in positive and 
negative ion DESI and DAPPI. However, the oxidation was minimal when 
they were ionized via charge exchange to form radical cations (a-
tocopherol) or radical anions (phylloquinone) in DAPPI.  

Most of the lipids, including the nonpolar ones such as cholesterol and 
the vitamins, were efficiently ionized by DAPPI in 10 µM samples 
(corresponding  to  10  pmol  on  the  surface);  however,  DAPPI  provided  
good  sensitivity  only  for  lipids  that  could  be  effectively  vaporized  by  the  
hot  vapor.  Trilinolenin,  which  is  of  large  molecular  weight  and  is  less  
volatile, was only detected in a 100 µM sample (100 pmol), and the large 
and labile phospho- and sphingolipids were extensively fragmented. For 
the other lipids, however, DAPPI did not induce increased fragmentation 
relative to DESI.  

4.2.1.3 Analysis of lipids in pharmaceutical and food products by 
DESI-MS and DAPPI-MS  

The feasibility of DESI and DAPPI in direct identification of lipids without 
sample pretreatment was studied with pharmaceutical (fish oil capsules 
and a-tocopherol capsules) and food (butter) products. Fish oil capsules 
containing fatty acids EPA and DHA were analyzed by negative ion 
DESI-MS and DAPPI-MS. Deprotonated molecules of EPA and DHA 
were clearly detected in both DESI and DAPPI mass spectra (Figure 12A 
and B). a-Tocopherol  capsules  were  analyzed  by  positive  ion  DESI-MS 
and DAPPI-MS. A relatively weak signal of protonated a-tocopherol 
together with background signals was detected in the DESI mass spectrum 
(Figure 12C), but an abundant a-tocopherol radical cation without 
background disturbances was detected in the DAPPI mass spectrum 
(Figure 12D). Cholesterol in butter was identified by DAPPI-MS/MS by 
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measuring the product ion spectrum of the cholesterol fragment ion at 
m/z 369. The DAPPI spectrum from butter (Figure 13A) was identical with 
that measured from a cholesterol standard (10 µM, 10 pmol) (Figure 13B), 
confirming the capability of DAPPI for direct analysis of cholesterol in 
butter samples. With DESI, cholesterol was not detected in either the 
butter or the standard sample. 

 

Figure 12 Negative ion mass spectra of a fish oil capsule measured A) by DESI-MS with 
methanol (solvent 1) as the spray solvent and B) by DAPPI-MS with anisole as 
the spray solvent, and positive ion mass spectra of an a-tocopherol capsule 
measured C) by DESI-MS with water-methanol 50:50 + 0.1% ammonium 
acetate (solvent 4) as the spray solvent and D) by DAPPI-MS with toluene as 
the spray solvent. 

 

Figure 13 Product ion spectrum of m/z 369 measured A) from butter and B) from 
cholesterol standard (10 µM corresponding to 10 pmol) by positive ion 
DAPPI-MS with toluene as the spray solvent. 
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4.2.2 Direct analysis of drugs of abuse in urine 

4.2.2.1 Desorption and ionization of the drugs in solvent and urine 
matrices by DESI and DAPPI 

Desorption and ionization of benzodiazepines (nordiazepam, diazepam, 
oxazepam, and temazepam) and opioids (tramadol, morphine, codeine, 
and oxycodone) was first studied by DESI and DAPPI with different spray 
solvents for analytes in solvent and urine sample matrices. As all the drugs 
are basic, measurements were done in positive ion mode. 

In the DESI studies, seven different spray solvent compositions were 
investigated: water with 0.1% formic acid, water–methanol 50:50 (v/v), 
water–methanol  50:50  (v/v)  with  0.1%  formic  acid,  water–methanol  
10:90 (v/v), water–isopropanol 50:50 (v/v) with 0.1% formic acid, water–
isopropanol 50:50 (v/v), and water–isopropanol 10:90 (v/v). Both the 
benzodiazepines and the opioids, in both the solvent and the urine 
matrices, formed abundant protonated molecules without adduct 
formation, oxidation, or fragmentation with all the spray solvents. Water–
methanol 50:50 (v/v) with 0.1% formic acid provided best sensitivity and 
was  chosen  as  the  spray  solvent  for  further  measurements  by  DESI-MS 
(Figure 14). 

In the DAPPI experiments, acetone, toluene, anisole, and toluene–
anisole 99.5:0.5 (v/v) mixture were studied as spray solvents. Toluene 
containing 0.5% of anisole, following the ionization mechanisms of neat 
anisole, provides effective ionization for nonpolar compounds with high 
IE (roughly, higher than 8 eV).[126,134,135] Of the studied drugs, the IE value 
was  available  only  for  morphine,  8.3  eV.[94] The benzodiazepines in both 
solvent and urine matrices formed protonated molecules with all the spray 
solvents,  indicating high PAs for these compounds.  The ionization of  the 
opioids, on the other hand, varied with the spray solvent and the sample 
matrix. As expected, acetone produced only protonated molecules from 
both the solvent and urine matrices. However, toluene, anisole, and 
toluene–anisole 99.5:0.5 (v/v) mixture favored the formation of radical 
cations of the opioids from the solvent matrix and protonated molecules 
from  the  urine  matrix,  except  for  morphine,  which  was  detected  as  a  
radical cation from urine as well. These results indicate that the 
components of the urine matrix that are desorbed to the gas phase 
(probably urea or its reaction products) can change the reagent ion 
composition and ionization mechanisms in DAPPI. Adduct formation, 
oxidation,  or  fragmentation  was  not  observed  for  any  of  the  drugs.  
Toluene–anisole  99.5:0.5  (v/v)  mixture  was  chosen  as  the  spray  solvent  
for further measurements since it provided good sensitivity and it 
produced mainly M+· or [M+H]+, not both (Figure 14). The ions appearing 
in Figure 14 are the ions that were monitored in the further 
measurements.  
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Figure 14 Mass spectra of drug mixture in solvent and urine matrices measured by 
DESI-MS (spray solvent water-methanol 50:50 + 0.1% formic acid) and DAPPI 
(spray solvent toluene-anisole 99.5:0.5). The 37Cl isotopic peak of diazepam at 
m/z 287 overlaps with the [M+H]+ peak of oxazepam at m/z 287. However, at 
these concentrations oxazepam is not detected in urine by either DESI or 
DAPPI.The DAPPI mass spectra of morphine (10 and 100 µg mL−1 in solvent 
and urine, respectively) shown in the inserts were measured separately, since 
the M+· peak of morphine overlaps with the [M+H]+ peak of diazepam. Morphine 
is not detected at these concentrations by DESI but appears as [M+H]+ at higher 
concentrations. 

The effect of the urine matrix on the sensitivity of DESI and DAPPI was 
evaluated by comparing the LODs measured for the drugs in solvent with 
those measured in urine matrix. The LODs obtained for the drugs in the 
solvent matrix were in the same range, typically 0.05–0.5 µg mL−1, by 
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DESI  and  DAPPI  (Table  5).  The  LODs  for  the  drugs  in  urine  matrix,  
however, were typically increased 20- to 160-fold in DESI and 2- to 15-fold 
in DAPPI, as compared with the values for solvent matrix. This means that 
matrix compounds, probably salts and urea, which are present in high 
concentrations in urine, interfere with both DESI- and DAPPI-MS 
analysis, but particularly with DESI-MS. Similar results have been 
reported in earlier studies, where APPI-MS  was  found  to  be  less  
susceptible to matrix effects than ESI-MS in terms both of ion 
suppression[136-140] and of background noise.[138,141,142] The poorer 
sensitivity in DESI-MS  due  to  urine  matrix  has  also  been  reported  in  
earlier studies.[143-145]  
 

Table 5. LODs (S/N = 3) for DAPPI-MS and DESI-MS analyses of drugs in solvent 
and urine matrices and for DAPPI-MS/MS and DESI-MS/MS analyses of 
drugs in urine matrix. The increase in the LODs in urine relative to those in 
the solvent matrix was calculated by dividing the LOD in urine by the LOD in 
solvent.The concentration µg mL-1 corresponds to ng mass of the drug on 
the surface. 

 DAPPI-MS  DAPPI-MS/MS 
 In solvent  

(µg mL-1) 
In urine 
(µg mL-1) 

Increase In urine  
(µg mL-1) 

Nordiazepam 0.07 (259 fmol) 1 (3.7 pmol) 14 0.6 (2.2 pmol) 
Diazepam 0.07 (246 fmol) 0.5 (1.8 pmol) 7 0.08 (282 fmol) 
Oxazepam 0.2 (699 fmol) 90 (314.7 pmol) 450 0.1 (350 fmol) 
Temazepam 0.1 (333 fmol) 1 (3.3 pmol)) 10  0.075 (250 fmol) 
Tramadol 0.1 (380 fmol) 0.2 (760 fmol) 2  0.7 (2.7 pmol) 
Morphine 3 (10.5 pmol) 50 (175.4 pmol) 17  70 (245.6 pmol) 
Codeine 0.3 (1.0 pmol) 0.5 (1.7 pmol) 2  0.5 (1.7 pmol) 
Oxycodone 0.1 (317 fmol) 1.5 (4.8 pmol) 15  0.1 (317 fmol) 
 DESI-MS  DESI-MS/MS 
 In solvent  

(µg mL-1) 
In urine 
(µg mL-1) 

Increase In urine  
(µg mL-1) 

Nordiazepam 0.05 (185 fmol) 5 (18.5 pmol) 100 0.6 (2.2 pmol) 
Diazepam 0.1 (352 fmol) 5 (17.6 pmol) 50 0.6 (2.1 pmol) 
Oxazepam 0.2 (699 fmol) 100 (349.7 pmol) 500 0.7 (2.5 pmol) 
Temazepam 0.0.7 (233 fmol) 10 (33.3 pmol) 143 0.75 (2.5 pmol) 
Tramadol 0.07 (266 fmol) 6 (22.8 pmol) 86 15 (57.0 pmol) 
Morphine 6 (21.1 pmol) 100 (350.9 pmol) 17  70 (245.6 pmol) 
Codeine 0.25 (836 fmol) 40 (133.7 pmol) 160 50 (167.2 pmol) 
Oxycodone 0.5 (1.6 pmol) 10 (31.7 pmol) 20  7.5 (23.8 pmol) 

 
The  better  matrix  tolerance  of  DAPPI  than  of  DESI  can  be  explained  in  
terms of the different desorption and ionization mechanisms. In DAPPI, 
the  desorption  process  is  thermal,  and  only  volatile  or  semivolatile  
compounds are effectively evaporated to gas phase. Urine contains high 
concentrations of salts that interfere with the ionization in MS.[1,146,147] In 
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DAPPI, the salts in urine samples are not effectively evaporated from the 
sampling  surface  and  thus  do  not  significantly  interfere  with  the  
ionization.  In  DESI,  on  the  other  hand,  desorption  likely  occurs  by  a  
droplet  pick-up  mechanism and the  salts  may  be  co-desorbed  within  the  
charged droplets, causing not only ion suppression but also high 
background and contamination of the ion source or the mass 
spectrometer. Indeed, after the analysis of urine samples by DESI-MS, 
precipitation of urine matrix components was seen at the inlet of the mass 
spectrometer.  No  such  effect  was  seen  with  DAPPI,  and  as  there  was  no  
need to clean the inlet of the mass spectrometer it could be operated for a 
longer  period.  With  both  methods,  however,  contamination  of  the  ion  
source became a problem after the analysis of large batches of urine 
samples.  

The LODs for the drugs in urine measured by DAPPI-MS/MS and 
DESI-MS/MS  are  presented  in  Table  5.  The  LODs  measured  by  
DAPPI-MS/MS  are  typically  one-tenth  of  those  measured  by  
DESI-MS/MS, and comparable to the differences in LODs for the 
measurements in MS mode. For all the drugs except morphine, the LODs 
in urine measured by DAPPI-MS/MS (0.1–1 µg mL−1) are within the 
concentration range of the drugs typically found in urine.[148] However, the 
RSD values of both DESI and DAPPI were as much as 50%, and the LODs 
need to be considered with these variations in mind. 

4.2.2.2 Screening of the drugs in post mortem urine samples by 
DAPPI-MS/MS 

In  view  of  the  better  matrix  tolerance  and  lower  LODs  for  the  drugs  in  
urine with DAPPI, the feasibility of DAPPI-MS/MS was studied in 
screening for benzodiazepines and opioids in five authentic, forensic post 
mortem urine samples. The same samples were also quantitatively 
analyzed by a validated and conventional GC–MS method. In 
DAPPI-MS/MS, the samples were analyzed both in untreated form and 
after a sample pretreatment step consisting of glucuronide hydrolysis and 
purification.  For  the  GC–MS  method,  the  samples  were  pretreated  by  
glucuronide hydrolysis, purification, and derivatization. Whereas the 
GC-MS  analysis  required  30  minutes  (not  including  glucuronide  
hydrolysis overnight and sample pretreatment of four hours), the 
DAPPI-MS/MS analysis was achieved within one minute. 

For the five samples and analysis by DAPPI-MS/MS, 15 findings 
(identifications) were made after sample pretreatment and eight without 
sample pretreatment (untreated samples) (Table 6). The number of the 
findings  by  GC-MS  was  16.  The  small  number  of  findings  for  the  
untreated samples could be because the drugs are excreted in urine mainly 
as glucuronides,[148] and  glucuronides  were  not  monitored  in  the  
DAPPI-MS/MS analysis. However, glucuronide conjugates of the drugs 
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were  not  observed  either,  owing  perhaps  to  their  dissociation  or  to  
inefficient desorption and ionization of the glucuronides by DAPPI. 
Sample pretreatment significantly improved the identification with 
DAPPI-MS/MS. The reduced ion suppression enhanced the sensitivity, 
and glucuronide hydrolysis efficiently released the drugs from the 
glucuronide conjugates. In addition, the background disturbance was 
reduced, providing improved selectivity and more reliable identification. 
As seen in Table 6, however, there were still some differences in the results 
obtained by DAPPI-MS/MS after sample pretreatment and by GC–MS. 
Morphine was not detected by DAPPI-MS/MS in samples 3 or 5 owing to 
the  poor  sensitivity  (Table  5).  Differences  in  the  detection  of  other  
compounds may have been due to the different pretreatment processes 
used for the GC-MS and DAPPI-MS/MS measurements.  

Although promising results have been reported for the use of ambient 
MS in bioanalysis without sample pretreatment,[149,150] the present 
findings clearly indicate the need for sample pretreatment in the 
application described here. Similar conclusions have been drawn 
earlier.[151,152] 

 

Table 6. Findings for five forensic post mortem samples analyzed by DAPPI-MS/MS 
(spray solvent toluene-anisole 99.5:0.5) and by GC-MS. X = compound 
detected, PT = pretreated sample, UT = untreated sample. 

 Sample 1 Sample 2  Sample 3 
 PT UT GC-MS  

(µg mL-1) 
 

PT UT GC-MS  
(µg mL-1) 

PT UT µg mL-1 

(GC-MS) 

Nordiazepam          
Diazepam          
Oxazepam    X      
Temazepam X         
Tramadol X X 20    X X 220 
Morphine          0.93 
Codeine       X X 18 
Oxycodone          
 Sample 4 Sample 5 
 PT UT GC-MS  

(µg mL-1) 
PT UT GC-MS  

(µg mL-1) 
Nordiazepam   0.09 X  1.84 
Diazepam    X X 0.09 
Oxazepam X  0.56 X  4.25 
Temazepam X  0.13 X X 2.38 
Tramadol X  0.8     
Morphine       0.1 
Codeine    X X 1.5 
Oxycodone X X 14 X X 3.9 
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5 CONCLUSIONS 

DIOS, DESI, and DAPPI were studied as tools for efficient bio- and 
pharmaceutical analysis. For the first time, a micro-scale electric 
discharge at AP was utilized for the preparation of DIOS sample plates, 
and the effectiveness of these was demonstrated in DIOS-MS analyses of 
drugs, an amino acid, and peptides. The strengths and weakneses of DESI 
and DAPPI were evaluated in the analysis of complex samples (standard, 
spiked, and authentic), and the capabilities of the methods were assessed 
in two important ambient MS applications: the analysis of biomolecules 
(lipids) and the fast screening of biological samples (drugs of abuse in 
urine).  

The micro-scale electric discharge method developed in this work was 
found suitable for inducing both chemical and physical surface 
modifications on silicon. Compared with other methods for chemical and 
physical surface modifications of miniature areas, the electric discharge 
method  is  simple,  rapid,  and  cost-effective.  The  only  requirements  are  a  
high-voltage supply and a discharge needle. Moreover, the method can be 
applied on planar, curved, or textured surfaces of both conducting and 
semiconducting materials. The area to be treated can be flexibly defined, 
without the need of masks, merely by controlling the discharge 
parameters.  The  size  of  the  treated  area  could  probably  be  decreased  by  
using sharp, nanoscale discharge tips, while larger areas could be 
accomplished with an array of tips as the scanning approach is slow, 
especially for NCSi fabrication.  

The depth of the hydrophilic pattern was not studied in chemical 
surface modifications, where the coating was removed from textured 
surfaces (black silicon and micropillar silicon). This depth might 
nevertheless be critical in some applications, for example in microfluidic 
channels where accurate volume is required. In addition, the sharpness of 
the edge of the hydrophilic pattern would need more careful study for 
applications requiring nanoscale line width. In the case of the NCSi 
structures,  increased  thickness  of  the  NCSi  layer  might  be  desirable  for  
high-surface-area applications; in DIOS-MS this could offer longer 
duration of the analyte signal and increased sample loading capability. 
Besides the applications for the discharge-created structures (chemical 
and physical) demonstrated in this work, there are many other areas in 
which the structures can be applied, including microreactors, diagnostic 
devices, sensors, optoelectronics, and micro- and nanofluidics. 
Application of the electric discharge method to achieve both chemical and 
physical surface modifications, and possible further chemical 
derivatization of the discharge-treated areas, would enable the creation of 
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complex and multifunctional miniaturized assemblies in a straightforward 
way.  

Clear trends were observed concerning the applicability of DESI and 
DAPPI for different samples. The strengths of DAPPI are good matrix 
tolerance and the effective ionization of both polar and nonpolar 
compounds. The thermal desorption limits the analysis of nonvolatile and 
thermolabile compounds, however. DESI, on the other hand, provides soft 
ionization  for  small  as  well  as  large  and  labile  compounds,  but  nonpolar  
compounds are poorly ionized. The differences in the two methods depend 
on the different desorption and ionization mechanisms. 

With its soft ionization of large molecules, DESI is a powerful tool for 
the direct analysis of phospho- and sphingolipids. Possible oxidation 
reactions, however, have not been considered in most DESI studies of 
phospho- and sphingolipids. Here, it was shown that oxidation reactions 
can  be  controlled  through  correct  choice  of  the  spray  solvent.  The  use  of  
other ESI-like ambient MS methods not relying on high voltage (e.g. sonic 
spray ionization based EASI) may be preferred when oxidation is not 
desired. Sometimes, however, controlled oxidation is advantageous, for 
example, in the assignment of double bonds. DAPPI, on the other hand, is 
highly promising for the sensitive analysis of nonpolar lipids. The 
formation of oxidation products in DAPPI seems not to be affected by the 
spray solvent to the same extent as in DESI, but this clearly needs further 
study. In addition, a wider range of model compounds would be needed 
for more detailed conclusions on the desorption and ionization of various 
lipid classes. It can, nevertheless, be concluded that because of the many 
different and largely unpredictable ionization reactions of the lipids with 
both DESI and DAPPI, these methods are more feasibly applied for 
targeted analysis than for the identification of unknown lipids.  

As compared with the lipids, the ionization of benzodiazepines and 
opioids with DESI and DAPPI was more straightforward. For direct 
analysis by DAPPI-MS, however,  the possible effect  of  sample matrix on 
the ionization reactions needs to be considered. Despite the good matrix 
tolerance of DAPPI, its performance in screening the drugs in forensic, 
post mortem urine samples was acceptable only after sample 
pretreatment. And even with sample pretreatment, the performance of 
DAPPI-MS  in  the  analysis  of  drugs  in  urine  was  not  as  good  as  that  of  
GC-MS  or  LC-MS because of the lower sensitivity, selectivity, and 
repeatability.  

The findings of this work indicate that although ambient MS methods 
often are powerful and fast tools in direct analysis, careful consideration 
should  always  be  given  as  to  whether  they  are  suitable  for  a  particular  
analytical case. Diverse ion-molecule reactions, such as oxidation, not 
encountered in the parent ionization methods (in this case ESI and APPI) 
may occur in ambient MS, and the selection of the spray solvent may be 
crucial. In addition, bypassing the sample pretreatment step in the case of 
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complex samples definitely affects the analysis, and in some applications, 
such  as  here  in  the  direct  analysis  of  drugs  in  urine  by  DESI- and 
DAPPI-MS, the performance is compromised to an unacceptable level. A 
further concern besides the effect of the sample matrix on the quality of 
the analysis is the contamination of the ion source and the mass 
spectrometer, especially in the analysis of large batches of complex 
samples such as urine. Qualitative analysis of pharmaceutical and food 
products  with  DESI  and  DAPPI  seems  feasible,  however,  because  of  the  
simpler sample matrices and less stringent sensitivity requirements. Still, 
methods with compromised performance and increased contamination of 
the ion source are unlikely to become routine for the analysis of complex 
samples without a pretreatment step. And when pretreatment is required, 
one of the greatest advantages of ambient MS is lost.  

To enhance the repeatability in DIOS, use of ordered surface structures 
in place of random NCSi and pSi surfaces would minimize the variation in 
sample spots. In the case of DESI and DAPPI, improving the robustness of 
the ion source and manipulating the sampling surface to control the 
spreading of the sample (in the case of dried droplet deposition) would 
reduce the irregularities in desorption. As demonstrated in this study with 
DIOS-MS, very simple surface modifications can be exploited to enhance 
the sensitivity, repeatability, and speed of the analysis. Modifications of 
the polymer surfaces used in DESI and DAPPI is not, however, as 
straightforward as modification of silicon used in DIOS. Study of the 
desorption  and  transportation  of  ions  from  surfaces  at  AP  to  vacuum  in  
the mass spectrometer could show the way to enhanced repeatability 
along with increased sensitivity. If open sampling is not essential, 
fluctuations in humidity and in contaminants present in air, possibly 
affecting the ionization reactions, could be reduced through the use of 
covered ion sources. At the same time, safety against hazardous samples 
would be enhanced. 

Altogether, DI-MS  methods  offer  rapid  analysis  with  little  or  no  
sample preparation, high throughput, easy automation, and the possibility 
for imaging. The time required for the analysis of a single sample spot is 
typically  on  the  order  of  seconds.  There  are  many  different  DI-MS 
methods to choose from for a particular analytical context. DIOS provides 
efficient analysis of small molecules (<3000 Da) deposited as solution on 
a surface, with intriguing possibilities for on-plate sample manipulation 
via  surface  modifications.  The  true  potential  of  DESI  and  DAPPI,  on  the  
other  hand,  probably  lies  in  imaging  and  other  in situ analysis where 
sample pretreatment is not possible (for example, to avoid disturbing the 
chemical integrity of the sample). Also, the unique features of these 
methods, such as chemical reactions induced by the spray solvent 
(oxidation, reactive DESI approach), open up interesting possibilities. 
Lately, hybrid ionization methods have been presented to cover a wider 
range of analytes. A combination of DESI and DAPPI could offer a 
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universal ionization method with relatively simple experimental setups. 
DIOS, DESI, and DAPPI are still relatively new methods, and evolution, 
for example, in the direction of improved repeatability, optimal sampling 
surfaces,  and  enhanced  spatial  resolution  for  imaging,  is  likely  to  follow.  
Among the numerous SALDI and ambient MS methods, it remains to be 
seen which methods will survive and find their way into routine analytics.  
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